INTRODUCTION
The main focus of the present study is to gain a better understanding of the flow structure of synthetic jets and its relation to the thrust and entrainment characteristics of the jets. The research is motivated by an ongoing effort to develop a new technique for propulsion and control of micro airborne platforms (MAPs) 1, 2, 3, 4 . This system (Micromachined Acoustic Ejector, MACE) uses synthetic jets produced by Helmholtz-type acoustic resonators located in an ejector shroud to generate thrust as illustrated in Figure 1 . 5 Each resonator consists of a throat, a resonator cavity and an electrostatically driven membrane. The ejector shroud augments the propulsion efficiency of the system. The MACE devices are ideally suited for implementation in MEMS because at the small scales typical of MEMS devices the resonator can be operated at very high frequency thus increasing the Reynolds number and minimizing viscous loses. Using MEMS fabrication techniques, the MACE devices can be integrated into large arrays to produce the necessary thrust for propulsion of MAPs. In addition to a propulsion system for a MAP, other potential applications of this technology include air pumps for cooling applications (IC electronics), fluidic actuators, and flow control of aerodynamic surfaces.
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Ingård and Labate, 6 in 1950, published a thorough experimental investigation of acoustical streaming phenomena in circular orifices. Their research builds on work by Eckart 7 in 1948 and Lord Raleigh in 1896, who observed "while experimenting with … brass resonators of pitch c', … when the corresponding fork, strongly excited, was held to the mouth, a wind of considerable force issued from the nipple at the opposite side. This effect may rise to such intensity as to blow out a candle upon whose wick the stream is directed." 8 One of the first published observations of acoustic streaming is an 1831 publication by Faraday 9 , documenting a steady flow resulting from a sound wave propagating through a fluid medium. Synthetic jets are a form of acoustic streaming.
In the classification proposed by Ingård and Labate, the flow regime is "region 4: A high sound intensity region in which pulsatory effects are predominant, resulting in the formation of jets and vortex rings. The jet consists of a strong air flow through the orifice, signified by a sudden burst of air. This burst appears symmetrically on both sides of the orifice and is made up of pulses contributed by each cycle of the sound wave."
Smith and Glezer
10 report a comprehensive investigation of 2-D synthetic jets in air. They distinguish between the near and far fields. The flow in the near field is characterized by the formation of vortex pairs. The vortices decelerate and transition to turbulence within 7 slot widths. The trajectory of the vortices scales with the "stroke" length defined as where u e is the velocity at the center of the orifice, and T the period of the acoustic oscillation. The use of the "stroke" length is motivated by studies of the formation and evolution of vortex rings 11, 12, 13 which as noted by Ingård and Labate are an important part of the flow. In the far field Smith and Glezer find a mean flow structure similar to a 2-D turbulent jet, but with slightly different growth rate and center plane velocity decay, which they attribute to reduced static pressure at the orifice.
Muller et al. 2, 4 describe a reduced order model of synthetic jets driven by an acoustic resonator. The model was developed to predict the performance of the micromachined acoustic ejectors. They note that the flow topology is different for the input stroke and the output stroke of the acoustic cycle, and use the time-averaged downstream momentum flux introduced into the flow field during the output stroke as the primary source of thrust. This momentum flux, however, could be reduced by low static pressure at the orifice as well as downstream momentum reingestion into the cavity during the input stroke.
An equivalent perspective on synthetic jet flows is obtained by considering the dynamics of the vorticity introduced by the acoustic field. During the output stroke, vorticity is introduced into the field forming a vortical structure (vortex pair in 2-D, vortex ring in axisymmetric flow) that propagates away from the orifice. During the input stroke some of the vorticity might be re-ingested back into the acoustic cavity reducing the amount of vorticity in the field. Ultimately it is the impulse associated with the vorticity in the field that accounts for the thrust produced by the device. Gharib et al. 14 noted that there is an upper bound for the circulation of vortex rings produced by a piston. For large stroke lengths some vorticity introduced at the orifice is not advected with the main vortex ring. Gharib et al. found that the vortex ring attains maximum circulation for a stroke-to-diameter ratio of about 4.
Another important aspect of the MACE propulsion concept is thrust amplification by the ejector shroud. This process relies on entrainment of ambient fluid by the synthetic jet.
Smith and Glezer 9 measured the entrainment of 2-D synthetic jets and noted reduced entrainment compared to a conventional 2-D jet.
In this investigation we consider the flow characteristics of an axisymmetric synthetic jet. 
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The flow geometry and axes are shown in Figure  2 . In addition to the fluid properties ρ and µ, the scaling parameters are the orifice diameter, D, and the frequency, f, and amplitude of the oscillatory flow at the orifice. Following Muller et al. Figure 2 shows schematically the synthetic jet apparatus. It consists of an oscillating loudspeaker cone covered by a flat plate containing the circular jet orifice. The loudspeaker diameter is 20 cm and the orifice diameter is exactly 1.27 cm. An audio power amplifier drives the loudspeaker cone at the desired frequency (pure tone). An optical position probe located near the outer edge of the loudspeaker cone monitors the amplitude of the loudspeaker motion.
FLOW APPARATUS AND INSTRUMENTATION
The thrust and velocity field produced by the synthetic jet were measured. Direct thrust measurements were conducted by mounting the entire synthetic jet apparatus on an analytic balance with a resolution of 0.5 mN. The velocity field was measured using a Particle Image Velocimetry (PIV) system shown schematically in Figure 3 . The flow was seeded with nebulized smoke oil, illuminated by two Nd-YAG lasers, and imaged with a high-resolution two-frame CCD digital camera. Each PIV image consists of two particle images obtained with elapse time in the range 5-30 µs. An enclosure above the orifice (not shown in Figure 3 ) shielded the synthetic jet from air currents in the room.
The field of view of the PIV system was 7 cm wide (x-direction) by 6 cm tall (y-direction). Each image was 1024 x 896 pixels, which gives a resolution of 147 pixel/cm. The PIV images were processed using a cross correlation algorithm. A 64 pixels (0.44 cm) square interrogation window was used to measure the velocity vector on a square grid with an overlap factor of 8 (i.e. the grid spacing was 8 pixels (0.055 cm)). Typically each PIV image was processed to give the velocity field on a rectangular region with 128 x 112 points. For each flow condition listed in Table 1 PIV images were taken at 30 degrees phase intervals through the acoustic cycle. Nine realizations were recorded for each flow condition and at each phase. All the results presented here are based on phase averaged PIV data. For each case images at the same phase were individually processed and the median of the nine realizations used. The total number of processed images is 1,944, and the total number of velocity vectors is a staggering 28 million! A total of 27 cases were tested at the conditions shown in Table 1 . Two different types of tests were conducted. In the first series of tests the amplitude of the loudspeaker motion, as determined from the optical position probe, was kept constant and the frequency was varied in the range 20 -200 Hz. These tests attempted to identify resonance phenomena of the acoustic cavity. In the second series of tests the frequency was kept constant and the amplitude of the loudspeaker motion was changed. Two frequencies 50 Hz and 150 Hz were used. The latter is close to the expected acoustic cavity resonance, and the first is at a frequency at which the diaphragm could be driven to very large amplitudes. Table 1 also gives the non-dimensional amplitude L/D and the Reynolds number for each test case. The flow length L was determined using equation (1) . It should be noted that although in the first series of tests the amplitude of loudspeaker motion was kept constant, the value of L/D decreased as the frequency was increased. This is attributed to flow leakage through the loudspeaker cone. Also the tests at 150 Hz and varying amplitude could not be conducted at L/D > 3.1 because of limitations of the power amplifier. Figure 3 shows the velocity at the orifice during the acoustic cycle at several frequencies (20, 60, 100, 140, 180 and 200 Hz). These data are the velocity measured with the PIV system on the axis of symmetry at y/D = 0.25, the closest distance at which the flow velocity could be measured reliably. In Figure 3 the horizontal axes are the phase relative to the phase of the loudspeaker cone velocity. As the frequency increases the phase of American Institute of Aeronautics and Astronautics the velocity trace varies. At low frequency the maximum orifice velocity lags the loudspeaker velocity by approximately 10°. At high frequency (200 Hz) the phase delay is more than 90°. The phase lag at 20 Hz is attributed to the finite distance from the measurement point to the exit plane of the jet. The larger phase lag at higher frequencies is a manifestation of acoustic resonance in the loudspeaker cavity. Ideally at resonance the phase lag should be 90°. The theoretical prediction for the resonant frequency is 180 Hz.
RESULTS

Orifice Flow Characterization
2 This value is consistent with the PIV velocity traces shown in Figure 3 .
For all test cases listed in Table 1 the orifice velocity as shown in Figure 3 were used to calculate the flow length, L, and circulation, Γ o , using equations (1) and (2), respectively. The results for the flow length are listed in Table 1 Table 1 . Solid line, least squares fit to the data. 
Time Resolved Flow Structure
As indicated earlier PIV data were obtained for all cases listed in Table 1 . A typical data set consisting of the ensemble average of the velocity and vorticity fields at f = 20 Hz and L/D = 6.3 is shown in Figure 5 . The flow field at different phases in the acoustic cycle is shown as indicated. These data show a flow topology similar to that described by Ingård and Labate and Smith and Glezer. This particular sequence is at a large value of L/D. In this case the vortical structure formed during the output stroke consists of a concentrated vortex ring followed by a column of vorticity. As the flow evolves the vorticity moves away from the orifice. The data in Figure 5 also show that during the input stroke (when the orifice velocity is negative; phase 300° and 0°) there is no vorticity ingested into the resonator cavity.
The flow topology for f = 200 Hz and L/D = 2.1 is shown in Figure 6 . As in the previous case a vortex ring is formed during the output stroke. In this case a column of vorticity does not trail the vortex ring. The vortex ring forms very close to the output orifice and moves at a relatively lower speed. As a result the vortex ring is very close to the orifice when the input stroke begins suggesting that there is significant re-ingestion of vorticity into the loudspeaker cavity (phase 300° and 0°). 
Mean Flow Structure
The mean flow is calculated by averaging the individual phase PIV images over an entire cycle. Figure 7 shows the cycle averaged velocity plot, with vorticity contours overlaid. The data are for f = 50, L/D = 3.0. One striking feature of the mean flow common to all cases investigated is that the mean flow velocity on the axis of symmetry is always positive. A relatively thin shear layer bounds this region of positive velocity. The shear layer evolution with downstream distance is fairly slow. Figure 8 shows the streamlines computed for the flow in Figure 7 . The streamlines clearly document the entrainment pattern of the synthetic jet. The streamline pattern is not symmetric due to a small but pervasive cross flow (somewhat exaggerated by this depiction). The cross flow was observed in all cases investigated. However, as will be shown below, the cross flow does not significantly influence the performance of the synthetic jet. The entrainment pattern of the synthetic jet shows several interesting features. Near the orifice, for y/D < 2, the streamlines approach the jet normal to the y-axis, deflect upstream at the shear layer, and turn downstream as they enter the high speed region near the axis. Farther downstream the streamlines do not show this upstream deflection. The reverse flow region near the orifice is a manifestation of strong suction during the input stroke. flow at 50 Hz. Although all the data reported here was obtained in the near field of the jet, it is convenient to describe the flow in terms of the centerline velocity and half-velocity width defined as the diameter of the jet were the downstream velocity equals half the centerline velocity. Figure  9 shows the evolution of the centerline velocity along the y-axis. The centerline velocity is normalized by the synthetic jet characteristic velocity 
Synthetic Jet Performance
The thrust produced by the synthetic can be calculated from the PIV measurements by evaluating the momentum flux on a large control volume as described above. However, this method assumes a constant static pressure on the control volume. Thus, the control volume must be at a large enough distance from the orifice.
To validate the PIV results, the thrust was measured directly using an analytic balance. As noted earlier the measurement resolution is 0.5 mN. These tests were conducted at nominally the same flow conditions as the PIV measurements based on the output of the optical position probe. Figure 14 is a comparison of the direct thrust measurements and the PIV calculated results. The error bars on the PIV calculated results are an indication of the expected uncertainty based on evaluation of the momentum flux on several, successively smaller, control volumes. The agreement is excellent at low frequency up to about 130 Hz. The agreement is not as good at higher frequencies due to limitations of the optical position probe, which did not provide reliable data at high frequencies.
The data in Figure 14 show an increase in thrust with frequency (despite a decreasing L/D), and a American Institute of Aeronautics and Astronautics roll-off in performance at frequencies greater than 150-180 Hz. This result is consistent with the acoustic resonance discussed by Muller et al
The maximum thrust is at 150-180 Hz, the calculated resonant frequency of the acoustic cavity. Thus the thrust measurements and the orifice exit velocity phase results are consistent with the theoretical prediction of the resonant frequency of the acoustic cavity.
The thrust performance of the synthetic jet is shown in Figure 15 in term of the thrust coefficient as function of L/D. The error bars in this figure are based on the uncertainty of the flow length, L. Only PIV results are shown in this figure since it is not possible to determine the flow length for the direct thrust measurement tests. Also shown in the figure is the trend line derived from equation (3) assuming that the effective cross section area of the orifice equals the geometrical area, which gives using equation (5), The PIV data were also used to determine the entrainment of the synthetic jet. The rate of change with downstream distance (y) of the mass flux was measured using results similar to those shown in Figure 13 and the mass flow coefficient calculated. The mass flow coefficient is plotted in Figure 16 as a function of thrust coefficient. Also plotted in the figure is the result for a conventional axisymmetric jet 15 given by the relation Although there is some data scatter, these measurements indicate that the axisymmetric synthetic jet entrainment is comparable to a conventional jet. This behavior is different than for a 2-D synthetic jet where Smith and Glezer 10 found reduced entrainment compared to a conventional 2-D jet.
CONCLUDING REMARKS
The flow structure and performance of an axisymmetric synthetic jet has been documented by direct thrust measurements and PIV velocity measurements. The synthetic jet flow field is dominated by the dynamics of the vortical structures formed during the output stroke of the acoustic oscillation. It is found that the flow length is a useful reference length scale that characterizes the amplitude of the acoustic oscillation at jet orifice. Two distinct regimes of operation have been identified. For L/D < ~3 some of the vorticity introduced during the output stroke is re-ingested during the input stroke. In this regime the thrust coefficient is proportional to (L/D) 4 . In this case the vortex rings form close to (7) 15 . Symbols are as listed in Table 1 .
